In the present work the degradation of 2-chlorophenol (2-CP) used as model compound, applying the Heterogeneous photo-Fenton reaction, was studied. Small particles of goethite or iron oxyhydroxide were used as a source of iron. The influence of catalyst loading, radiation intensity and the molar ratio between hydrogen peroxide and contaminant were examined. Improvement by illumination is highly significant. During the progress of 2-CP degradation, the reaction shows an unusual acceleration. This autocatalytic comportment, with stronger tendencies at higher temperatures, implies a completely different behaviour from the one typically expected. The autocatalytic performance is successfully explained by the joint action of two factors: (i) the evolution of the available iron in the homogeneous phase during the course of the reaction and (ii) the autocatalytic contribution of some of the reaction intermediates in the iron cycle.
INTRODUCTION
The Fenton reaction has been known for many years; it provides a useful tool for pollutant degradation (Fenton 1894 ) and has often been used in many applications. It can be enhanced by increasing the temperature or application of UV-Visible radiation (the photo-Fenton reaction). These two improvements can be achieved simultaneously employing solar irradiation. The process is usually conducted at pH 3 to maintain the iron compound in solution and requires a down-stream treatment to raise the pH and settle the catalyst. This separation is not simple for the particular colloidal characteristics of the resulting dispersion.
In the last years, it has been suggested to use immobilised iron containing compounds in many different forms to overcome this problem. This technology, known as Heterogeneous Fenton, uses hydrogen peroxide (H 2 O 2 ) and a solid iron carrier to facilitate iron separation, employing mainly solid supporters to avoid more complex post treatment processes (Feng et al. 2004; Pignatello et al. 2006; Ortiz de la Plata et al. 2008 ). This technology employs a variety of methods to incorporate iron to the system, resorting to either different supports to immobilise the solid or compact iron aggregations such as different forms of iron oxides. Among the compounds that have been examined can be mentioned: membranes (Fernandez et al. 1998) , alginates (Fernandez et al. 2000) , silica (Bozzi et al. 2004; Huang & Huang 2008) , zeolites (Neamtu et al. 2004; Zheng et al. 2004) , clays like bentonites and laponites (Feng et al. 2005 (Feng et al. , 2009 Garrido-Ramirez et al. 2010) , alumina (Cuzzola et al. 2002) , glass (Martínez et al. 2007) , and activated carbon . The second option includes synthesised as well as natively found iron oxides (Chou et al. 2001; Huang et al. 2001; Cuzzola et al. 2002; Lu et al. 2002; doi: 10.2166 doi: 10. /wst.2010 doi: 10. .258 Feng et al. 2004 Teel et al. 2007; Huang & Huang 2008) and, most recently, particles of solid zero valent iron (Liao et al. 2003; Bergendahl & Thies 2004; Devi et al. 2009; Morgada et al. 2009; Son et al. 2009 ). Among the iron oxides, goethite (Lin & Gurol 1998; Gurol & Lin 2001; Lu et al. 2002; Lin & Lu 2007; Gordon & Marsh 2009; Garrido-Ramirez et al. 2010 ) seems to be a reasonable choice because it combines three attractive properties for large-scale applications; among others stand out (Ortiz de la Plata et al. 2008) : (i) wide range of operating pH,
(ii) controllable leaching of iron into the solution and (iii) the possibility of using solar radiation as a primary source of energy for a photo-Fenton alternative.
2-Chlorophenol (2-CP) is used as germicide/disinfectant and as precursor for synthesising pesticides and other chlorophenols. It can also be produced as a byproduct in water disinfection and in pulp bleaching (Toxicological
Profile for Chlorophenols 1999).
In the present work the degradation of 2-CP as model compound was studied and goethite iron oxyhydroxide was used as a source of iron. The influence of catalyst loading, UVA radiation intensity and the molar ratio of hydrogen peroxide to contaminant was examined.
METHODS

Materials
Goethite was provided by Aldrich (catalytic grade); originally, they were particles of 30-50 mesh (297 to 600 mm), from which the segment of 75 -150 mm was used.
A complete and detailed description of the catalyst can be seen in other works of the authors (Ortiz de la Plata et al. 2008 Plata et al. , 2010 . 2-CP was provided by Aldrich 99% þ . Hydrogen peroxide (H 2 O 2 ) was provided by Cicarelli (ACS, 30%).
Finally, chlorobenzoquinone (ClBQ) 95% þ and chlorohydroquinone (ClHQ) 85% þ were provided by Aldrich. pH was adjusted with perchloric acid (ByA, ACS, 70%).
Photo-Fenton experimental device and procedures
The work was performed in a cylindrical, well-stirred, batch reactor irradiated from a transparent radiation bottom, which was illuminated with a tubular lamp placed at the focal axis of a parabolic reflector (Figure 1 and Table 1 ).
The reactor was also equipped with internal glass heat exchangers connected to a thermostatic bath for controlling temperature and an external insulation made of K-Wool. The described device allows irradiating the suspension with photons whose wavelength range goes from 340 to 380 nm.
The reactor was filled with pure water and the desired concentration of goethite. Then, 2-CP was added to reach an initial concentration of 0.39 mM (50 ppm). After reaching steady-state temperature (and, when corresponds, lamp irradiation), the prescribed H 2 O 2 was incorporated to the system. pH was adjusted with perchloric acid. The range of the initial molar ratio of C H 2 O 2 ;0 to C 2-CP,0 (R) was varied from 0 to 50 (four levels); the catalyst loading was varied in four levels from 0 to 2 g L 21 and the temperature was set at 258C. Irradiation was varied in three levels, 0, 48 and 100% referred to the maximum power input. All of them were measured by actinometry (see Table 1 ).
Blank runs were made to exclude other parallel reaction 
Proposed reaction mechanism
The autocatalytic performance is successfully explained by the joint action of two factors: the evolution of the available iron in the homogeneous phase during the course of the reaction (Lin & Lu 2007) , and the autocatalytic contribution of some of the reaction intermediaries in the iron cycle (Chen & Pignatello 1997) . A reaction mechanism has been proposed (Ortiz de la Plata et al. 2010). Table 3 The rate expressions for reactions (20) and (21) are given by ); x, the axial coordinate (cm); m ¼ cos u, the direction cosine of the ray for which the RTE is written; m 0 , the cosine of the To calculate the photons absorbed by the absorbing species in any photo-initiated reaction it is first necessary to calculate the radiation reaching that point. In the more general case, and even more in a scattering medium, the radiation may come from all spatial directions. The integration of the spectral Specific Intensity in all directions is defined as the spectral Incident Radiation, G l . In the case of a one-dimensional distribution of radiation directions due to the previously mentioned azimuthal symmetry, G l can be simplified to:
The radiant energy absorbed by a specific radiation absorbing species, "j", on an elementary volume is defined as the spectral and total local volumetric rate of photon absorption respectively (e a l;j and e a j ). The spectral local volumetric rate of photon absorption is: e a l;j ðxÞ ¼ k l; j G l ðx; k l;T ; s l;Goet Þ ð 3Þ
Equations (3) and (4) show the case of a medium where there are N radiation absorbing species and one, "j", is particularly considered to calculate its local volumetric rate of photon absorption.
In this case, there are three different radiation absorbing species: however, only one also scatters. Thus, the absorption coefficient of the medium is given by:
In addition, the scattering coefficient:
The Discrete Ordinate Method (Duderstadt & Martin 1979 ) was applied to solve the RTE. Isotropic 
Optimisation procedure
The values of the constants that are not available in the literature were obtained using an adapted nonlinear, Constants 1 to 7 and 9 to 16 from literature (Chen & Pignatello 1997; Kang et al. 2002; Ma et al. 2005 ). For reactions (14) and (15) was not possible to differentiate the iron species accurately.
Thus, iron speciation was simulated by the model. Figure 3 shows the complete calculation procedure employed to evaluate the rate constants that were not known. 
